Abstract-This paper deals with voltage model flux estimators for speed sensorless induction motor drives. In order to eliminate the drift problems, the pure integrator of the voltage model is replaced with a first-order low-pass filter, and the error due t o this replacement is compensated. An effective way to calculate the compensation is presented, and the compensation is carried out before the low-pass filtering, in order t o avoid dynamic errors.
I. INTRODUCTION
The voltage model is a convenient flux estimator for sensorless induction motor drives because the motor speed is not needed for the flux estimation, and the only crucial parameter of the model is the stator resistance. The voltage model is often used in stator flux oriented control [l] and direct torque control 121, [3] schemes, but it can as well be used for rotor flux oriented control [4]. However, there are two well-known problems when the voltage model is used: even a small dc offset in measured currents causes drift problems if a pure integrator is used and, at low speeds, the model is extremely sensitive to errors in the stator resistance value and to measurement errors. This paper concentrates on the problems of integration, which can be overcome by suitably modifying the integrator.
Various modifications of the integrator have been proposed earlier [4]- [9] . The simplest way to eliminate the drift problems is to replace the pure integrator with a low-pass filter [4]. However, this method causes the output to be erroneous even in steady state. The error can be straightforwardly compensated, as presented in [8] , by turning the angle and changing the magnitude of the output vector of the low-pass filter according to the calculated error. Later, a similar idea has been presented in [9] .
The method proposed in this paper is related to (and inspired by) the method presented in [8] . A new more effective way to calculate the compensation is presented, and the compensation is carried out before low-pass filtering in order to get a smoother output and to avoid dynamic errors.
INDUCTION MOTOR MODEL
The dynamic model corresponding to the I?-equivalent circuit of the induction motor shown in Fig. 1 will be used in the following. The voltage equations are in a general reference frame [IO] where W k is the angular speed of the reference frame, w, the electrical angular speed of the motor shaft, gs the stator voltage, i , the stator current, and R, the stator resistance.
For the rotor, gR, iR and RR are defined similarly. The stator and rotor flux linkage equations are
where LM and L', are the magnetizing inductance and the stator transient inductance, respectively. The stator current can be solved from (3) and (4) as (5) The motor parameters of the r-equivalent circuit can be easily calculated from the conventional T-equivalent circuit parameters (as given in Table I The voltage model for the rotor flux is shown in Fig. 2. 
B. Proposed Modified Integrator
-R& and the output signal by _-IJ = &. The pure integrator shown in Fig. 3(a) is thus
szs.
(7)
In the following, the input signal is denoted by g = -y = l u d t .
The goal is to modify the integrator in such a way that the frequency response function of the modified integrator remains the same as that of the pure integrator, i.e., (9) where w is the steady-state angular frequency. In the following, we will derive the proposed algorithm by using several intermediate steps presented in Fig. 3 . A short discussion of the differences between the proposed algorithm and the one presented in [8] is given at the end of this section.
A first-order high-pass filter with time constant TO, i.e.,
T~S /
(70s + l), can be added in series to the pure integrator to remove the drift problems [ai]. The steady-state error of the high-pass filter can be compensated by multiplying the input signal of the integrator by the inverse of the high-pass filter frequency response ( Fig. 3(b) ). The combination of the first-order high-pass filter and the integrator is equal to a first-order low-pass filter amplified by the time constant TO (Fig. 3(c) ). The next step i:j to choose the time constant to be dependent on the angular frequency w by taking [8] where cy0 is the corner angular frequency and X is a constant, 0 5 X < 1. Now the equation for the modified integrator can be written in the low-pass filter form It is important to note that the proposed algorithm (11) is extremely simple and also easy to tune since there is only one tuning parameter A. The parameter is typically chosen X = 0.1.. .0.5, depending on the amount of dc offset and on the accuracy of the parameter R,. The pure integration is achieved by choosing X = 0.
In the ideal case when no dc offset exists and the parameter R, is exactly correct, the response of the proposed algorithm corresponds to that of the pure integrator if X is reasonably chosen. No deterioration can be observed even in the dynamic case. When a dc offset or a parameter error in R, is present, the algorithm remains stable and no drift problems exist. This is due to shifting the poles of the pure integration from the origin to -A Iw].
The modified integrator presented in [S, Fig. 21 also has a correct steady-state response, but its dynamics differ from (11) because the compensation is carried out after the lowpass filter. Furthermore, the phase error and the gain error are calculated instead of calculating the compensation by using the simple complex-valued gain 1 -j X sign(w).
IV. CONTROL SYSTEM
The proposed algorithm was investigated by means of simulations and experiments. A 2.2 kW four-pole induction motor was used in both cases. Parameters of the motor are given in Table I . The control was based on the direct rotor flux orientation [ll] and synchronous-frame current control. The overall block diagram of the system is shown in Fig. 4 , and the current controller [12] , [13] is illustrated in Fig. 5 . The proportional gain and the integration time of the current controller were K , = ay,LI, and ~i , = +: , respectively, where a, is the controller bandwidth [12] . The bandwidths of the controllers and estimators are given in Table 11 .
The angular speed of the motor G, , , was estimated by using the slip relation 
The rotor flux speed estimate was used in the modified integrator (11) instead of the more correct stator flux speed estimate. This approximation has no effect in the steady state and only a marginal effect on the dynamic perfor- cretized by using the Forward Euler method, and the measurements were delayed one sample period. The effect of the delay on the coordinate transformation from the stator coordinates to the flux coordinates was compensated [15] . Phase voltages were calculated from the measured dc voltage and the inverter switching states. 
v . RESULTS

A. Simulations
The MATLAB/Simulink environment was used for the simulations. The low-speed region was emphasized in the simulations and measurements. The base values used in the figures are: angular frequency 27r. 50 s-', current 4. 5.0 A, torque 14.6 Nm, and flux 1.0 Wb.
An example of the simulation results using the proposed algorithm is given in Fig. 6 . Correct parameter values and ideal measurements were applied, except the one sample period delay. The speed reference was initially set to a frequency of 2 Hz ( t = 0 s) and a speed reversal to the frequency of -10 Hz was applied ( t = 0.5 s). The speed reference was changed to 10 Hz (t = 1.5 s) and a ratedload torque step was applied (t = 2.5 s). Finally, the speed reference was lowered to 2 Hz (t = 3.5 s) while the rated torque was still applied.
As can be seen in Fig. 6 , the estimated curves cannot be distinguished from the actual ones. No deterioration can be observed even in the dynamic case. without compensation are shown in Fig. 8 . The drift can be seen, especially after t = 3.5 s. If a0 would be chosen larger, the drift would not be a problem, but errors due to the low-pass filtering would be larger, and vice versa. As a comparison, the pure integrator became unstable after t = 2 s due to dc components in the measured currents. are: (a) the poles of the pure integration are shifted from the origin to -Xlwl, (b) the drift and the marginal stability problem of the pure integration are eliminated, (c) neither the steady-state nor the dynamic response of the integration is deteriorated due to modifications of the pure integrator, and (d) the algorithm is very simple.
It is, however,. to be noted that the inherent parameter sensitivity properties of the voltage model still remain. The accuracy of the stator resistance estimate thus affects the accuracy of the estimated flux. 
